The ultrafast photoinduced ring-closing dynamics of a furan-based difurylethene (YnPhT) has been investigated by femtosecond transient absorption spectroscopy. We performed time-dependent density functional theory (TD-DFT) calculations to explain the experimental results in detail. The sub-picosecond time scale of the ring-closing reaction is comparable with thiophene-based analogues, but oxygen atoms at the photochromic core can avoid adverse interaction between switches and metal contacts in further applications. This observation proves that furan-based diarylethenes are potential optoelectronic elements with an ultrafast optical response.
Introduction
Photochromic molecules [1, 2] , which can be reversibly triggered between a closed-ring (CF) and an open-ring (OF) form by alternating UV/VIS light illumination, are most promising elements for optoelectronic functional materials [3] [4] [5] [6] . For this purpose, the reversible switching properties of the molecules must be preserved in various condensed phases [7, 8] as well as in connection to metal electrodes as well [9] [10] [11] . Ideally, both OF and CF of photochromic diarylethene derivatives (DAEs) should possess the following key properties [12] : thermal stability, high fatigue resistance, rapid optical response, and minor structural change while switching. DAEs completely meet these requirements, when their switching unit is functionalized with appropriate p-conjugated side-chain groups [13] [14] [15] . However, simultaneously these side-chain groups have an influence on optical properties [16] [17] [18] , resistance to photodegradation [19] and on the dynamics of the ring closing/opening reaction [20] [21] [22] [23] . Therefore, it is crucial to understand the relation between the structure of side-chain groups and ring closing/opening dynamics. Ultrafast pump-probe spectroscopy is a powerful tool to study the switching dynamics of DAEs at the picosecond time scale [24, 25] . This method allows the timeresolved monitoring of the ultrafast processes that occur during the ring-closing reaction: redistribution of electronic density, molecular geometry changes, and p-p Ã conjugation at photochromic core [22] . Consequently, the combination of femtosecond time-resolved spectroscopy with TD-DFT calculations was found highly efficient for investigating of the ultrafast photoinduced ring-closing reaction [21, 26, 27] . Therefore, DAEs with various functional side chain groups were synthesized and are discussed in the literature recently [28] [29] [30] [31] [32] , aiming at finding suitable side-chain groups to link DAEs with metallic electrodes. We recently developed furan-based diarylethenes with sulfur-free photochromic core and differently substituted p-conjugated side chains for application in single molecule-metal junction experiments [14, 33] . Break-junction experiments [13] proved that (1,2-bis(2-methyl-5-((4-(acetylthio)phenyl)ethynyl)-furan-3-yl) perfluorocyclopentene -YnPhT (Fig. 1) is suitable for implementation into organo-metallic hybrid-devices demonstrating strong fatigue resistance [15] . However, the influence of the p-conjugated 4-(acetylthio) phenylethynyl side-chains of YnPhT and substitution of sulfur by oxygen (furan vs. thiophene) on the switching dynamics in contrast to a dithienyl DAE were not studied yet. In this work, we present investigation of the ring-closing reaction by femtosecond transient absorption spectroscopy and TD-DFT calculations.
Experiment
The photoinduced dynamics were investigated by femtosecond transient absorption spectroscopy. The amplified femtosecond pulses (E ¼ 0:5 mJ, s ¼ 150 fs, k ¼ 800 nm, m ¼ 1 kHz) from Ti:Sapphire laser (Coherent, USA) were split into two beams: pump initiated the ring-closing reaction, while probe tracked ultrafast changes in optical density. Since the ring-closing reaction occurs under UV illumination, we used the third harmonic generation (E ¼ 0:4 lJ, s ¼ 150 fs, k ¼ 266 nm, m ¼ 250 Hz), obtained via the femtokit for third harmonic generation (Eksma Optics). As a probe radiation, the supercontinuum (SC, k ¼ 540-600 nm), generated in an Al 2 O 3 crystal by femtosecond pulses at k ¼ 800 nm, was used. We probed the photoinduced optical density changes near the maximum of CF absorption band. The SC beam was split into the probe and the reference beams before the sample, then both beams were recorded by multichannel spectrograph (Imaging Spectrograph SP-2500i, Acton, USA). In order to determine the time delay range, the approximate zero position was obtained from mixing fundamental k ¼ 800 nm and SC in the nonlinear BBO crystal. In our data and figures the zero point position was chosen as the starting point of absorption changes. To correct SC fluctuations, the transient absorbance spectra were obtained by comparing the probe and the reference spectra for different time delays, and then, the group-velocity dispersion of SC pulse was corrected numerically at all obtained transient traces. YnPhT with concentration (C ¼ 5 Á 10 À5 M) in ethanol was used. To avoid accumulation of CF molecules, the solution was pumped through a quartz flow-cell with 2 mm optical path and a buffer volume by a peristaltic pump with 2 ml/s flow rate. We irradiated the solution in the buffer volume by broad visible radiation (Schott KL 1500 LCD, P ¼ 150 W), which caused the reverse ring-opening reaction. This approach allowed refreshing of the solution in the cell with OF molecules by inducing ring-opening reaction of CF molecules. All studies were performed at room temperature.
Results and discussion
The absorption spectra of both, OF and CF of YnPhT ( Fig. 1) show that OF undergoes the ring-closing reaction upon UV irradiation with k = 250-350 nm. As a result, the typical new absorption band of the CF grows in the range of k = 450-650 nm wavelengths. This process can be easily followed by a drastic change in color from colorless to dark purple.
During the transient absorption measurements, the growth of optical density was observed at k = 540-610 nm with a stepwise increase of delay between pump and probe pulses up to 0.8 ps (Fig. 2a) . After 0.8 ps, we detected only slight optical density fluctuation. No progressive spectral shifts during the first hundreds of femtoseconds after pump pulse are detected compared to other studies [22] .
To characterize the gradual growth of the optical density, we determine the rise time as the time were absorbance changes from 10% to 90% of the final value of optical density. For initial data we obtained the rise time close to 420 fs. This time represents the upper boundary, because it reflects both, the transition time of the sample and the instruments response function. After reconvolution of sigmoid step function [37] and instrument response function, we found the upper boundary of the rise time is close to 350 fs (cf. Supp. Inf. S1). Another approach [21, 36] to characterize this process is fitting of the experimental data with convolution of exponential function and instrument response function that is shown at ( We assume that these rapid changes in optical density result from photoinduced electronic-density redistribution during the process of p-p Ã conjugation between reactive C-C atoms located at the photochromic core. Since, the form of optical density changes in subpicosecond timescale retrieves the characteristic absorption band of CF molecules (cf. Supp.Inf. S3). From timeresolved spectra, we obtained the time profile of the ring-closing reaction at the characteristic maximum absorption band of the CF at k = 550 nm (Fig. 2b) . It correlates well with general trends of ring-closing dynamics of diarylethene derivatives [21, 36] . Reported ring-closing processes span times-ranges from hundreds of femtoseconds to hundreds of picoseconds. Different processes [26, 28] are involved that start from excitation of OF molecules, formation of p-p Ã conjugation at photochromic core, and finally thermal cooling of CF molecules.
To gain more detailed insight into the ring-closing reaction dynamics, we performed TD-DFT/B3LYP/6-31+G(d) calculations of the electronic structure evolution from the ground state to the correspondent excited states (Fig. 3) on the basis of the total energy changes of the isolated molecule. To verify the suitability of TD-DFT for the analysis of switching dynamic, at first, we performed the calculation of main energetic states of the molecules. These states are responsible for the formation of the corresponding absorption band of CF and OF molecules (Fig. 1) . The obtained data revealed good reproducibility of the shape of calculated spectra and experimental data (Fig. 3) .
The CF is characterized by a single band (A) spanning the wavelengths k = 450-650 nm and two intrinsic bands (B, C) at k = 240-300 nm while the OF molecule has two bands (B 1 , C 1 ) in the UV region. The slight red-shift of the calculated CF absorption bands can be explained by solvent interaction effects and intermolecular interactions, which are not considered in TD-DFT calculations. Therefore, the relative values of the energy difference between ground state S 0 and corresponding excited state energy Sn calculated as the function of the distance of reactive C-C carbon atoms will be used during the discussion. The calculated total energy profiles for ground S 0 and the first excited S 1 states as a function of the reaction coordinate are presented in Fig. 4 .
The lowest values of relative energies of the ground state correspond to the molecules with C-C distances between the reactive carbon atoms which are equivalent to 3.58 Å in the OF and 1.53 Å in the CF molecules. They are characterized by HOMO-LUMO energy gap of DE ¼ 3:91 eV and DE ¼ 2:23 eV (Fig. 5) , respectively. These values explain the nature of the correspondent absorption bands determined by UV absorption spectroscopy (Fig. 1). (OF: k = 311 nm, or DE ¼ 3:98 eV; CF: k = 550 nm, or DE ¼ 2:25 eV). The calculations demonstrate a robust potential energy barrier of about 3 eV separating OF and CF in the ground state S 0 , which explains the thermal stability of YnPhT in solution and in thin films [15] . Switching barriers with a similar shape for difurylethene-based DAEs with different functional groups were obtained previously [33] . Thus, we conclude that replacing sulfur by oxygen (thiophene ! furan) has no explicit influence on the height and shape of the switching barrier. Therefore, further explanation of obtained experimental results of (Fig. 2) can be done in the frame of existed theory of ring-closing reaction which includes several stages.
The preswitching stage is associated with the transition from the ground (S 0 ) to the corresponding excited electronic state, depending on the pump wavelength. In the current experiment YnPhT molecules are excited to Sn potential energy surface (Fig. 4) . During this process, the redistribution of electronic orbitals from the side-chain groups to the photochromic core occurs, which is shown as the HOMO ! LUMO + n transition of OF molecules (Fig. 5) . When an excited electronic state is reached (second stage), the ultrafast internal conversion starts within hundreds of femtoseconds and the C-C distance between the reactive carbonatoms is becoming smaller. During this stage an excited molecule is relaxing along correspondent potential energy surface to the transitional state (Fig. 4) . As it was shown by Sendler et al. [34] , a steeper energy curve towards the transitional state results in faster switching to the CF. This relaxation process becomes experimentally evident for certain types of molecules as an absorption band evolution in the visible wavelength regime, particularly as a progressive spectral shift during the first hundreds of femtoseconds after the pump pulse [22] . However, in the case of YnPht, no such spectral shift was detected in the monitored wavelength range, possibly since this electronic relaxation can occur even faster for furan-based diarylethenes during the first two hundreds of femtoseconds, which is close to resolution limit of our experimental setup. Instead, we assume that system is reducing the C-C distance to around 2.5 Å which is close to the transitional barrier. After that the progressive photoinduced ring-closing reaction occurs, leading to a strong increase of visible light absorption within 0.2-0.8 ps after the initial UV irradiation pulse (Fig. 2) . The further equilibrium ground state S 0 can be reached by internal conversion, which involves the redistribution of electronic orbitals between the photochromic core and the side-chain groups as a LUMO ! HOMO transition of CF molecule.
Different reaction pathways (Fig. 4) in dependence of wavelength of the pump pulse were discussed in literature previously [21, 26] . When the pump wavelength is close to the energy difference between the ground state S 0 and first excited S 1 state of OF (e.g., for YnPhT molecules a pump wavelength of k ¼ 340 nm is close to the energy gap near DE ¼ 3:9 eV), most authors [7, 20, 22] conclude that the ring-closing reaction occurs in the subpicosecond time-regime through the conical intersection after fast electronic relaxation from the Franck-Condon states along the S 1 potential surface. The whole ring-closing process is then finalized by the vibrational relaxation of hot CF molecules during the next hundreds of picoseconds. However, when OF is pumped to higher excited states, in case of YnPhT by k ¼ 266 nm (DE ¼ 4:6 eV), the relaxation pathway is not becoming obvious. Aloise et al. [26, 27] proposed two pathways of ring-closing reaction occurring from higher excited states. The first one predicts the existence of a second conical intersection for the direct photoinduced ring-closing reaction without involving any already excited CF species. The second hypothesis assumes that when the ring-closing reaction has occurred the molecule is relaxing through the corresponding S n excited state of CF with further ultrafast internal conversion to S 0 ground state (CF). Due to limited time resolution of our instruments, it is difficult to distinguish between these two hypotheses so far. However, various advanced pump-probe techniques such as resonance enhanced femtosecond stimulated Raman scattering and femtosecond time-resolved fluorescence spectroscopy [28, 35] can provide additional information about ring-closing process in vicinity to transition state. The use of TD-DFT calculations is also limited and does not give any suitable information about what is happening when transitional state is reached. TD-DFT which being widely used for calculations of potential energy surfaces of the first excited states [7] can give only preliminary positions of higher potential energy surfaces when molecules are excited by 266 nm. This uncertainty appears since the calculated density of states with energy gap close to DE ¼ 4:66 eV(k ¼ 266 nm) is very high. (cf. Supp.Inf. Fig. S4) . Therefore, such calculation do only provide qualitative information about transitions between possible molecular orbitals while quantitative estimations are still remaining inaccessible
Conclusions and outlook
Ultrafast photoinduced ring-closing reaction dynamics of a furan-based diarylethene with phenylethynyl side-chain groups equipped with protected thiol end-groups was studied by femtosecond transient absorption spectroscopy. The potential energy surfaces were calculated using TD-DFT approach to predict possible relaxation paths of YnPhT molecules when OF is excited by different wavelengths. Ultrafast spectroscopy revealed that the upper value of the rise time as the characteristic of the gradual growth of optical density during the ring-closing reaction of YnPhT molecules is close to 420 fs. By the use of an exponential function fit this time constant is determined to 200 fs. Independently from the used fitting functions, both of these values are smaller compared to thiophene based DAEs [20, 22] , revealing a faster ring-closing reaction of furan-based DAEs. We thus expect that replacing the photochromic cores thiophene with furan moieties might improve the optical properties of the molecules with regard to the cyclization dynamics. Therefore, on the basis of current observations and previous break-junction experiments we may assumed that the combination of phenylethynyl side-groups (acting as pconjugated linkers) with furan-based photochromic core, might lead to excellent results when implemented in nanoresistor with optically controlled conductance operating on the sub-or picosecond timescale. However, the exact reason for this improvement of ring-closing dynamics of furan over thiophene-based DAE is presently unclear and requires additional experimental measurements to clarify relaxation pathway when molecules excited to S n (OF) and more detailed theoretical studies with an emphasis on different excited configurations and nature of employed solvent [36] . Both of them may affect strongly the calculated switching barrier of DAEs.
